High quality electron-doped HTSC single crystals of Pr 2−x Ce x CuO 4+δ and Nd 2−x Ce x CuO 4+δ have been successfully grown by the container-free traveling solvent floating zone technique. The optimally doped Pr 2−x Ce x CuO 4+δ and Nd 2−x Ce x CuO 4+δ crystals have transition temperatures T c of 25 K and 23.5 K, respectively, with a transition width of less than 1 K. We found a strong dependence of the optimal growth parameters on the Ce content x. We discuss the optimization of the post-growth annealing treatment of the samples, the doping extension of the superconducting dome for both compounds as well as the role of excess oxygen. The absolute oxygen content of the as-grown crystals is determined from thermogravimetric experiments and is found to be ≥ 4.0. This oxygen surplus is nearly completely removed by a post-growth annealing treatment. The reduction process is reversible as demonstrated by magnetization measurements. In as-grown samples the excess oxygen resides on the apical site O(3). This apical oxygen has nearly no doping effect, but rather influences the evolution of superconductivity by inducing additional disorder in the CuO 2 layers. The very high crystal quality of Nd 2−x Ce x CuO 4+δ is particularly manifest in magnetic quantum oscillations observed on several samples at different doping levels. They provide a unique opportunity of studying the Fermi surface and its dependence on the carrier concentration in the bulk of the crystals.
I. INTRODUCTION
In comparison to the various families of the hole-doped cuprate superconductors the electron-doped 214 compounds Ln 2−x Ce x CuO 4+δ (with Ln= Pr, Nd, Sm, Eu,. . .) have been studied less intensively, even though this system is known for more than 15 years [1] . There are different reasons for this. First, the growth of high quality single crystals and the postgrowth annealing treatment are very demanding. Second, the controlled and reproducible preparation of well characterized samples for different experiments, such as well-oriented samples with clean surfaces for optical spectroscopies, is difficult. Despite these drawbacks, the electron-doped 214-compounds are very attractive as a sample set for systematic investigations for two reasons: (i) They are solid solutions with a simple tetragonal crystal structure and nearly the whole phase diagram can be probed using only a single compound. 
II. GROWTH PROCESS AND GROWTH PARAMETERS A. Crystal Growth
The growth of high quality 214-crystals in crucibles from a CuO-rich melt is difficult for various reasons: Firstly, deviations of the distribution coefficient from unity in these systems give rise to gradients in the dopant concentration of the grown crystals. Secondly, it is well known from other cuprate systems, such as YBa 2 Cu 3 O 7−δ [2] , as well as from previous work on Nd 2−x Ce x CuO 4+δ [3] , that the aggressive melts partly dissolve the most common available crucible materials. This unwanted corrosion leads to impurities and, in turn, to a deterioration of the crystal quality. We also note that the 214-compounds are incongruently melting solid solutions [4] . Therefore, the growth process is restricted to a small interval between the peritectic and eutectic points of the compositional phase diagram.
The Traveling Solvent Floating Zone (TSFZ) technique provides the opportunity and flexibility to work at a certain favorable working point within this small growth window by using a small CuO-rich flux pellet and a corresponding atmosphere and temperature. The flux pellet forms a vertical local melt, held by surface tension, where the polycrystalline feed material is dissolved at the top and re-crystallized at the bottom on a seed. Using suitable growth conditions, an equilibrium between growth and solubility rate can be obtained. In this way large crystals of several centimeters length can be grown under accurately controllable stable conditions (flux composition, temperature, oxygen partial pressure). This is the basic prerequisite for homogeneous crystals.
For the growth of a series of Ln 2−x Ce x CuO 4+δ crystals (with Ln = Nd, Pr) we have used a 4-mirror furnace with four 300 W halogen lamps. The polycrystalline feed rods and flux pellets were prepared in the following way: For the feed rods the corresponding rare earth oxides and CuO (with purity of 99.99%) were mixed according to the desired stoichiometric composition of the 214-compounds. Then, phase pure ceramic samples were obtained by a five-fold pre-reaction of the powders at temperatures of 900
• C, 920
• C, 950
• C, and two times at 980
• C for 10 h in air. Between each calcination step the pre-reacted powder was homogenized by grinding. The multiple calcination promotes the homogeneity. The phase formation of the powder was checked by X-ray powder diffraction. The phase pure ceramic samples were pressed hydrostatically to rods of 7 mm in diameter and 140 mm in length.
These polycrystalline rods were sintered in air at temperatures of 1050 • C, 1100
• C, and 1200
• C for 5 h, respectively. These high temperatures close to the peritectic temperature are important in order to increase the density, avoiding the absorption of the liquid flux during crystal growth. The flux material with the composition ratio
/CuO = 15/85 was pre-reacted in the same way as the feed rods, followed by an annealing step at 1010
• C for 10 h in air.
For single crystal growth, a piece of a polycrystalline rod was used as a seed. On this seed a flux pellet of 0.35 − 0.40 g was placed. The mass and size of this flux pellet needs to be adjusted to the dimensions of the radiation focus and the diameter of the rods. The vertical molten zone has a diameter and length of 5 − 6 mm and can easily be held by surface tension during the entire growth process. The growth atmosphere, i.e. the oxygen partial pressure x ≥ 0.08. In order to suppress Cu-evaporation from the melt, a pressure of 3 − 4 bar was applied. As the evaporation of Cu is very small compared to the used amount of flux, this loss can be balanced by the flux itself without changing the growth conditions. We note that the change of the flux composition due to the CuO evaporation can be estimated from the weight loss of the whole system before and after the growth process and does not exceed 2%.
The evaporation in Nd 2−x Ce x CuO 4+δ is slightly higher than in the Pr 2−x Ce x CuO 4+δ system. with a c-oriented facet, which is present on the last ∼ 2 cm of the rod [left-hand side in Fig. 1(a) ] .
B. Crystal Characterization
The metal composition along and perpendicular to the growth direction of the crystals was controlled by energy dispersive X-ray analysis (EDX). Within the accuracy of the mea- However, we can confirm the formation of small amounts of epitaxially grown (Ln,Ce) 2 O 3 impurity phases [6, 7, 9] due to the annealing treatment, which is independent from the doping concentration. Rods consisting of two or several grains are separated and oriented before annealing. Bulk superconductivity was verified by specific heat measurements. We emphasize that pieces cut from the inner part of large crystals have the same transition curves (T c , ∆T c ) as the whole crystal itself. Thus, core-shell effects can be ruled out. The as-grown and annealed crystals were stable over several years, without changing their physical properties.
Crack-and inclusion-free high quality crystals are difficult to cleave. Therefore, for measurements (spectroscopic measurements, transport, etc.) the crystals had to be oriented, cut, and polished in an appropriate way. This time consuming work is a drawback compared to the easily cleaving compounds of the Bi-family and YBa 2 Cu 3 O 7−δ which grow in a platelet shape.
III. ANNEALING TREATMENT A. Annealing Procedure
An annealing treatment of the crystals after the growth process eliminates tension in the crystal and disorder in the metal sublattice. At the same time it removes interstitial oxygen. is not stable enough. Thus, growth atmospheres with higher oxygen partial pressure as described above were used. This results in excess oxygen in the as-grown samples requiring a post-growth annealing treatment.
In the past, many studies concerning the optimal annealing parameters, phase decomposition and oxygen loss have been carried out [5, 7, 10, 11] . The general consensus of all these studies is, that bulk superconductivity and sharp transition curves are only realized by a severe reduction treatment of the as-grown samples. In this process a small doping dependent amount of the excess oxygen δ = 0.02 − 0.06 is removed. Nevertheless, fundamental questions regarding the onset, shape and doping interval of the superconducting dome, the absolute value of the oxygen content of the as-grown and reduced samples, the role of additional oxygen in the compound, and the reversibility of the reduction step have not yet been settled and currently are controversially discussed. In order to verify the different results, we annealed the samples in the following way: As-grown single crystals were annealed for t ann = 20 h in a flow of pure Ar 4.8 (O 2 ≤ 3 ppm) at constant temperatures close to the stability limit. The stability limit for this annealing treatment depends on the Ce content as well as on the rare earth element Ln and is shown in Fig. 2 .
For the annealing step, the crystals were enclosed in polycrystalline crucibles of the same material in order to provide a homogeneous environment and to protect the crystal surface. After the treatment at high temperatures the crystals were cooled down to room temperature at moderate cooling rates. The crystals were not quenched, since the intention was to remove the excess oxygen but not to freeze-in a specific O 2 ordering state. In this way we avoided additional tension in the metallic sublattice which could occur upon quenching.
This procedure was applied to all doped crystals of both compounds. Depending on the Ce content x, the crystals exhibit sharp transition curves as shown in Fig. 3 . It has been often reported in literature [5, 7] that the annealing treatment depends on the sample size.
Moreover, it was suggested that a subsequent additional annealing step after the reduction step, which is then performed in pure O 2 at moderate temperatures of 500 − 600
• C for 10 h increases T c . However, for our crystals with masses ranging from 50 to 250 mg we do not see any size effect of the transition curves. This observation confirms that the The crystals decompose according to the following equation, where Ln =Nd, Pr:
Undoped as-grown crystals show a nearly stoichiometric oxygen content. can set n = x. Here, n is the carrier concentration per Cu-ion and x is the Ce concentration.
IV. DOPING DEPENDENT PHASE DIAGRAM
A. The Superconducting Dome 
B. Role of Oxygen
The precise experimental control of the oxygen concentration is one of the main difficulties when preparing 214-compounds. It is challenging to tune and determine the small oxygen variations in a crystal in a non-destructive manner. Therefore, many and partly contradicting statements concerning the oxygen occupation of the different sites in the crystal structure of as-grown and annealed crystals exist [13] [14] [15] . Oxygen is often believed to act as co-dopant in such reports. In order to clarify whether or not oxygen non-stoichiometry may act as a second doping channel, an overdoped Nd 1.84 Ce 0. 16 CuO 4+δ high quality single crystal was used for oxygenation experiments. Strongly overdoped crystals are expected to be extremely sensitive to oxygenation experiments, because of the steep slope of the superconducting dome (cf. Fig. 4 ) in this regime. system shown in (b) the overdoped regime cannot be probed due to precipitations. The optimal doping is found at x = 0.15 and the underdoped region extends to x = 0.10, where superconductivity abruptly sets in.
In a simple ionic model of the electron-doped 214-compounds the oxygen contribution to the electron concentration n per Cu-ion is given by the relation Oxygenation of the reduced sample in a flowing O 2 /Ar= 0.1% at 750 • C for 70 h (∆δ = +0.005).
Step 3: Repetition of step 1 with the same parameters (∆δ = −0.006). The ac-susceptibility curves confirm the reversibility of the annealing steps. The transition curve after oxygenation First, the metal sublattice remains unaffected by carefully performed oxygenation experiments. In particular, no irreversible microscopic CeO 2 -precipitations or rearrangements occur, which could be responsible for the changes in the transition curves. Second, the oxygen surplus produces no significant doping effect as expected from the simple ionic model presented above. Therefore, the use of the identity n = x is well justified. We note, however, that there is a strong oxygen induced microscopic disorder, which suppresses very effectively superconductivity and can be detected by magnetization measurements (fishtail effect, see Since there is only a single impurity site available for oxygen occupation or reduction in the 214-compounds, we believe, that the population/depopulation of this apical O(3) site is closely related to the appearance of superconductivity. The presence of apical oxygen may cause additional distortions and strain within the CuO 2 plane, preventing the evolution of the superconducting state independent of the doping x. This picture is consistent with the experimental observations of non-superconducting or weakly superconducting as-grown crystals depending on the used p O 2 during crystal growth, the evolution/disappearence of superconductivity after removal/incorporation of additional oxygen as well as with recent transport measurements on Pr 2−x Ce x CuO 4+δ thin films [13] . We do not believe, that the oxygen reduction occurs mainly in the CuO 2 planes while the apical site occupation remains unchanged [15] , as in this case the oxygen variation should trigger a doping effect.
V. SHUBNIKOV-DE HAAS OSCILLATIONS
The very high quality of Nd 2−x Ce x CuO 4+δ single crystals obtained following the procedure described above is clearly demonstrated by the observation of magnetic quantum oscillations in their interlayer resistivity for doping levels x = 0.15, 0.16, and 0.17 [16] . A particular prerequisite for the observation of magnetic quantum oscillations is that the mean free path of the charge carriers be at least comparable to the radius r B = p F /eB of the cyclotron orbit, where p F is the Fermi momentum perpendicular to magnetic field B and e the elementary charge. For superconducting cuprates, r B is a few hundredångströms in experimentally available magnetic fields, thus imposing stringent requirements on the crystal quality. Although Nd 2−x Ce x CuO 4+δ is a complex solid solution system, this requirement is fulfilled for our high-quality single crystals.
The crystals used in our high magnetic field experiments showed consistent temperatures and widths of the superconducting transition for each doping with those presented in Fig.   3 (a). The resistivity ratios, ρ(273K)/ρ(T 0 ) = 5.6, 5.2, and 9.7, for x = 0.15, 0.16, and 0.17, respectively (T 0 is the superconducting onset temperature), also indicate high crystal quality. Brillouin zone area, in excellent agreement with the predictions of band structure calculations [18] and results of angle-resolved photoemission spectroscopy (ARPES) [19, 20] .
The samples with lower doping, x = 0.15 and 0.16, also show SdH oscillations (see a (π/a, π/a) density-wave potential [16, 21] [25, 26] . However, by contrast to the latter compounds, in the n-doped Nd 2−x Ce x CuO 4+δ the ordering potential is manifest already on the overdoped side of the phase diagram, at x = 0.16. Moreover, the observation of fast oscillations at x = 0.17 does not unambiguously rule out the possibility of the superlattice at this doping. Indeed, our most recent data on samples with x = 0.17 [27] show evidence of magnetic breakdown, suggesting the Fermi surface to be reconstructed even at this high doping level. Further work on magnetic quantum oscillations is in progress, in order to verify this suggestion and obtain more information about the Fermi surface and its dependence on the carrier concentration in the electron-doped superconductors.
VI. SUMMARY
We have grown high quality single crystals of the electron-doped cuprate superconductors Nd 2−x Ce x CuO 4+δ and Pr 2−x Ce x CuO 4+δ . We discuss the optimal growth parameters and annealing conditions as a function of Ce content x required to achieve such crystals. We show that the oxygen partial pressure of the growth atmosphere has to be reduce with increasing x in order to avoid microscopic CeO 2 precipitations. We also present an optimized annealing process resulting in narrow transition curves. In the Nd 2−x Ce x CuO 4+δ system the whole phase diagram can be probed with high quality single crystals, whereas in Pr 2−x Ce x CuO 4+δ the overdoped regime is inaccessible due to the lower solubility limit of Ce. Here, the system La 1 Pr 1−x Ce x CuO 4+δ might be an adequate alternative. The microscopic oxygen distribution can be checked by magnetic measurements. The as-grown doped crystals exhibit an excess oxygen concentration of δ ≈ 0.03, which is nearly completely removed after annealing. The oxygen reduction is reversible and the removed oxygen comes primary from the apical site.
This apical oxygen governs the evolution of superconductivity by virtue of induced disorder in the CuO 2 planes. The additional oxygen has only a minor doping effect. The obtained crystals reach a perfection that quantum oscillations can be observed on such samples.
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